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Abstract
The characteristic-based split (CBS) scheme has been extensively utilized to address the fluid sub-
problem within fluid-structure interaction (FSI) analyses over the past decade. To cope with FSI,
this article develops a CBS-based partitioned semi-implicit coupling algorithm where the CBS scheme
serves not only for the fluid component but also for the entire coupling algorithm. At each time instant,
the first step of the CBS scheme is explicitly treated together with the fluid mesh movement, while
the remaining two steps are implicitly coupled with the structural motion on the fluid mesh frozen
temporarily. To retrieve the semi-implicit coupling style, a mass source term is iteratively updated
in the pressure Poisson equation for elements adhering to the fluid-structure interface. The present
algorithm provides the stabilized solution of the Navier-Stokes equations and the computational re-
duction without stability drop, thus inheriting the virtues of the CBS scheme and the projection-based
semi-implicit coupling method. Within our coupling algorithm, FSI is achieved by the modified com-
bined interface boundary condition (MCIBC) method which is re-derived in a more concise fashion. A
weak implementation of the MCIBC method is proposed to avoid deteriorating the numerical results.
The MCIBC method rectifies the limitations of its original counterpart, making itself applicable to
fluid-rigid/flexible body interaction. Flow-induced vibrations of various bluff bodies are analyzed to
test the feasibility of the proposed methodology. The overall numerical results agree well with the
existing data, demonstrating the validity and the applicability of the present approach.
Keywords: Fluid-structure interaction, Semi-implicit, CBS, CIBC method
1. Introduction
1.1. Literature review on semi-implicit coupling scheme
As one of challenging topics in computational fluid dynamics, fluid-structure interaction (FSI) has
drawn a growing interest from the research community. Partitioned approaches under the arbitrary
Lagrangian-Eulerian (ALE) description are in general favored for the numerical solution of such a com-5
plicated effect, although monolithic approaches [1, 2] attract some attention. The former approaches
are typically classified into explicit coupling algorithms [3, 4] and implicit coupling algorithms [5, 6].
Apart from the above two categories, a third one, known as semi-implicit coupling algorithms,
have been developed since 2006. Ferna´ndez et al. [7] first proposed a projection semi-implicit coupling
scheme for simulating FSI problems with strong added-mass effect. The basis of this semi-implicit con-10
cept depends on the classical Chorin-Te´mam splitting [8, 9] which naturally offers an explicit-implicit
treatment for the FSI resolution. Specially, the ALE-advection-diffusion step (explicit coupling step)
is explicitly treated with the predicted fluid mesh while the projection step (implicit coupling step) is
implicitly coupled with the structural motion on the previously known fluid mesh. A rigorously theo-
retical analysis provided in [7] indicated that, when compared to the implicit coupling algorithm, the15
semi-implicit coupling algorithm exhibts the enhanced computational efficiency without affecting the
∗Corresponding author.
Email address: txh317@bham.ac.uk (Tao He)
Preprint submitted to CMAME August 5, 2015
LaTeX Source Files
Click here to download Manuscript: elsarticle-template.tex Click here to view linked References
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
stability condition significantly. Following the idea of Ferna´ndez et al. [7], a number of semi-implicit
coupling methods have been presented. Quaini and Quarteroni [10] invented a semi-implicit coupling
scheme by using the algebraic fractional step method. It is the first time that the algebraic fractional
step method is applied to FSI. Different from the differential splitting, the algebraic fractional step20
method requires no auxiliary boundary conditions for differential subsystems divided by the original
problem. Badia et al. [11] introduced the inexact block-LU factorization into several semi-implicit
coupling schemes and discussed their performances. Astorino et al. [12] proposed Nitsche-based and
Robin-based semi-implicit coupling schemes, as well as a couple of variants, for an incompressible
viscous fluid interplaying with a thin-walled solid. In that paper, the better stability properties were25
achieved through these hybrid interface conditions. In a simplified FSI system, Astorino et al. [13]
performed a convergence analysis for the projection-based semi-implicit coupling scheme [7] and proved
the error of time discretization to be at least
√
∆t in the scheme. Ferna´ndez [14] presented a com-
prehensive review for the numerical simulations of blood flows in large arteries involving the explicit,
semi-implicit and implicit coupling schemes. A new partitioned semi-implicit coupling method was30
developed on the basis of a general algorithm for fluid dynamics [15–17]. It is seen from [15] that a
set of additional ordinary differential equations (ODEs) need to be solved on the constructed fluid-
structure interface. Unlike [15], the traditional interface conditions were enforced in [16, 17]. The
author’s research work was briefly summarized in [16] by comparing different partitioned coupling
schemes for two large-displacement FSI problems. Reference [17] provided the details on carrying out35
the smoothed finite element technique for the structural part of the partitioned solution strategy.
Instead of adopting the Chorin-Te´mam splitting [8, 9], a handful of partitioned semi-implicit cou-
pling schemes monolithically solve the fluid momentum equation. Sy and Murea [18, 19] solved a least
squares problem on the fluid-structure interface so as to ensure the continuity of the velocity and stress
in the semi-implicit way. The explicit coupling phase only predicts the fluid mesh while the fluid and40
solid resolutions are deposited within the implicit iterations. Breuer et al. [20] independently designed
a partitioned semi-implicit predictor-corrector coupling scheme to study an FSI benchmark case in
turbulent flows. Different from [18, 19], the mesh adaptation is repeated at the corrector step (i.e. the
implicit coupling step).
1.2. Brief on CBS scheme with applications to moving mesh problems45
The characteristic-based split (CBS) scheme has been originally proposed by Zienkiewicz et al.
[21] for fluid dynamics. During the last decade, the CBS scheme has succeeded with respect to the
problems involving moving and deformable boundaries. Using the scheme, Nithiarasu [22] numerically
simulated the free surface flows within the ALE finite element framework. His work might be the first
application of the CBS scheme to the moving mesh problem. After that, many relevant studies have50
emerged based on different coupling algorithms. For instance, the CBS scheme was employed to settle
the forced motion of a circular cylinder with in-line oscillation [23], to compute the viscous free surface
on high performance computing systems [24], and to analyze the fluid flow interplaying with a locally
flexible airfoil [25]. The noticeable difference between [22] and [23–25] rests with the versions of the
CBS scheme, that is to say, the artificially compressible CBS scheme adopted in [22] and the fully55
incompressible CBS scheme used in [23–25]. For the present, the fully incompressible CBS scheme
seems to enjoy more popularity in FSI applications.
The author and his co-workers have conducted a series of FSI studies by using the fully incom-
pressible CBS scheme [15–17, 26–29]. In these studies, the obtained results agree well with available
data and some important phenomena of flow-induced vibrations are detected successfully. We imple-60
mented the computer simulations on vortex-induced vibrations (VIV) of an oscillating bluff body with
different profiles by using the partitioned explicit coupling scheme [26] and the partitioned subiterative
coupling schemes [15, 27]. The structural displacment was predicted in [15] while the structural force
predictor was employed in [27]. In [15] the effect of dual time steps [30] on FSI was discussed as well. It
was found that this stabilization technique would degenerate the numerical results for the aeroelastic65
problems analyzed therein. Preparatory computations were carried out for the interplay between an
elastic solid and incompressible flows [16, 27, 28]. Except [29], a mass source term (MST) [31] was
transplanted to the CBS scheme to meet geometric conservation law (GCL) that is difficult to be fu-
filled by a fractional-step-type fluid solver. A variant of the CBS scheme [32] was developed to analyze
2
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the more complex vortex dynamics of four oscillating circular cylinders in a square arrangement [29].70
From the viewpoint of ALE kinematics, the CBS scheme is also able to cooperate with other
spatial discretization techniques. An iterative generalized CBS algorithm in tandem with the adaptive
coupled finite element method (FEM) and element-free Galerkin (EFG) method was developed for
the non-isothermal non-Newtonian fluid flows in [33]. Zhang et al. [34] combined the CBS scheme
with the EFG method to cope with free surface flows. Recently, the CBS scheme was introduced into75
the immersed smoothed FEM for handling the two-dimensional interaction between an incompressible
viscous fluid and largely deformable solids [35].
1.3. Motivation of the present study
As reviewed above, a number of moving mesh problems settled by the CBS scheme have shown
the computing power of the scheme. Most of these studies however seem tedious since the CBS80
scheme is just utilized as a fluid subsolver. With this in mind, one primary goal of this paper is to
present an innovative use of the CBS scheme. This is inspired by the reality that the CBS scheme
complies with the Chorin-Te´mam splitting [8, 9] which forms the foundation of the projection-based
semi-implicit coupling scheme [7]. The proposed method is named the CBS-based partitioned semi-
implicit coupling algorithm where the CBS scheme works not only for the fluid subproblem but also85
for the whole coupling algorithm. The merits of the projection-based semi-implicit coupling method
and the CBS scheme are thereby retained in our method. Unlike haemodynamics, the divergence-free
condition needs to be properly modified in the projection step of our method for the sake of the genuine
semi-implicit style and the enhanced connection amongst subiterations. To the best of the author’s
knowledge, few efforts are reported on incorporating the CBS scheme with the semi-implicit coupling90
scheme, except for [15–17] where the limited success was won. The other primary goal of this paper
is to reformulate the hybrid interface conditions for FSI computations in order to avoid detours as
met before. These conditions are deduced in a straightforward way, hence generating no redundant
ODEs on the interface. A weak enforcement of the interface conditions is subsequently proposed to
allow for both better quality of the numerical results and fewer computational efforts. This treatment95
places a special emphasis on the fluid stress tensor and the correction for interfacial displacement. The
easier understanding and implementation of these interface conditions are thus acquired. Some other
computational details are discussed. In addition, the author is tempted to rectify some errors in his
previous papers. The above elements consist of the present work’s interests.
The layout of this paper is organized as follows. In Section 2 the governing equations are depicted100
for the coupled FSI system. The mathematical details of the new hybrid interface conditions are
presented in Section 3. Section 4 describes the in-depth procedure of the resulting partitioned semi-
implicit coupling algorithm. Several numerical examples are investigated in Section 5 while some
conclusions are drawn in the final section.
2. Governing equations105
2.1. Fluid problem
The incompressible viscous fluid flows on the moving mesh are dominated by the ALE formulation
of the Navier-Stokes (NS) equations as follows
∇ · u = 0, (1)
ρF
(
∂u
∂t
+ c · ∇u− fF
)
−∇ · σF = 0, (2)
where ∇ means the gradient operator, u is the fluid velocity, ρF is the fluid density, c = u−w is the
convective velocity, w is the mesh velocity, fF is the fluid body force, σF is the fluid stress tensor, and
x and t represent the spatial and temporal coordinates, respectively. The constitutive equation for the
Newtonian fluid reads as
σF = −pI+ 2µǫ and ǫ = 1
2
(∇u+ (∇u)T) , (3)
3
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where p is the fluid pressure, I denotes the identity matrix, µ is the fluid viscosity, ǫ is the rate-of-strain
tensor and superscript T indicates transpose. Appropriate boundary and initial conditions should be
prescribed to complete the fluid equations.
The following dimensionless scales are defined
x∗ =
x
D
, t∗ =
tU
D
, u∗ =
u
U
, c∗ =
c
U
, p∗ =
p
ρFU2
,
(
fF
)∗
=
fFD
U2
based on the characteristic velocity U and the characteristic length D. By employing these dimen-
sionless variables and dropping all asterisks, the dimensionless NS equations are obtained as follows
∇ · u = 0, (4)
∂u
∂t
+ c · ∇u−∇ · σF − fF = 0, (5)
with
σF = −pI+ 1
Re
(∇u+ (∇u)T) , (6)
where Re = ρFUD
/
µ is the Reynolds number. Eqs. (4)–(6) are solved by the semi-implicit CBS110
scheme [21] whose procedure is actualized below
Step 1: Calculate the auxiliary velocity
u˜− un = ∆t
(
−cn · ∇un + 1
Re
∇2un + ∆t
2
cn · ∇(cn · ∇un)
)
, (7)
Step 2: Update the pressure
∇2pn+1 = 1
∆t
∇ · u˜, (8)
Step 3: Correct the velocity
un+1 − u˜ = −∆t
(
∇2pn+1 − ∆t
2
cn · ∇2pn
)
, (9)
where ∆t is the time step, and the body force fF and the third-order terms are neglected. Linear
three-node triangular (T3) element is used for finite element discretization since the scheme permits
the low-order and equal-order interpolation for both velocity and pressure.
2.2. Structural problem115
A structure immersed in a fluid sustains the fluctuating fluid force. The structure is thereby
modeled as a spring-damper-mass system. The isotropic assumption is made for the structural problem.
The structural governing equation is expressed in the Lagrangian description with proper initial and
boundary conditions. Newmark-β method [36] is utilized to advance the structural movement in time.
Let us suppose that a rigid body undergoes the translational motion in two dimensions. The
structural displacement is represented by d = {d1, d2}T where d1 is the horizontal component and d2
the vertical component. The mass, damping and stiffness of the structure are denoted by m, c and k.
The dimensionless scales
x∗ =
x
D
, t∗ =
tU
D
, d∗ =
d
D
, CD =
2FD
ρFU2D
, CL =
2FL
ρFU2D
, m∗ =
m
ρFD2
and the reduced parameters
ξ =
c
2
√
mk
, fR =
fND
U
, fN =
1
2pi
√
k
m
4
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are computed for the rigid body, where the drag coefficient CD and the life coefficient CL are the
dimensionless force, the mass ratio m∗ is the dimensionless mass, FD and FL are the fluid drag and
lift, ξ is the damping ratio, fR is the reduced natural frequency, and fN is the natural frequency. By
considering the above variables without superscript asterisks, the dimensionless equation of rigid-body
motion is written as
d¨+ 4pifRξd˙+ (2pifR)2d =
1
2m∗
{
CD
CL
}
. (10)
The law of momentum conservation for a flexible structure reads as
ρS
(
d¨− fS
)
−∇ · σS = 0, (11)
where ρS is the structural density, fS is the structural body force, σS is the Cauchy stress tensor and
the structural damping is omitted. Young’s modulus E and Poisson’s ratio ν must be prescribed for the
solid problem. To accommodate the geometric nonlinearity, the Saint Venant-Kirchhoff constitutive
model is specified by
S = C : E and E =
1
2
(FT ·F− I), (12)
where S is the second Piola-Kirchhoff stress tensor, C stands for the constitutive tensor, E is the
Green-Lagrangian strain tensor, and F = I +∇d is the deformation gradient tensor. S is related to
σS via the geometric transformation given by
S = JF−1σSF−T, (13)
where J = det(F).120
Similarly, the following dimensionless scales are defined
x∗ =
x
D
, t∗ =
tU
D
, d∗ =
d
D
, E∗ =
E
ρFU2
,
(
fS
)∗
=
fSD
U2
, m∗ =
ρS
ρF
in order to enable the nondimensionalization of Eq. (11). Discarding all asterisks, the dimensionless
equation of flexible-body motion is established as
d¨− 1
m∗
∇ · σS − fS = 0, (14)
which is linearized by the Newton-Raphson procedure in total Lagrangian formulation [37]. Besides
the traditional FEM, the cell-based smoothed FEM (CS-FEM) [38–40] is used to for the geometrically
nonlinear analysis. Interested readers can refer to [28] for more details.
2.3. Mesh deformation method
Our mesh deformation method adopts a blend of moving submesh approach (MSA) [41] and the125
ortho-semi-torsional spring analogy method [42]. The detailed steps of the method are well illuminated
in [26, 28].
To satisfy GCL for unsteady flows on moving mesh, MST [31] is absorbed into the second step of
the CBS scheme. Accordingly, Eq. (8) is recast as
∇2pn+1 = 1
∆t
∇ · u˜+ Sn+1MST, (15)
with
Sn+1MST =
1
2An+1e
∣∣∣∣w21 − w11 w22 − w12w31 − w11 w32 − w12
∣∣∣∣n+1 and wn+1 = xn+1 − xn∆t , (16)
where SMST is MST, Ae indicates the area of element e, superscript i (i = 1, 2 and 3) in w means
point i of element e and subscript j (j = 1 and 2) in w denotes component j of the coordinates. The
importance of MST to the semi-implicit coupling will be demonstrated later.130
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3. Interface coupling conditions
3.1. Traditional interface conditions
Within the partitioned approach, the interplay between a fluid and a structure (or solid) is accom-
plished on Σ via separately enforcing the velocity continuity
u = d˙, (17)
and the traction equilibrium
tF = tS, (18)
where tF = σF ·nS and tS = σS ·nS are the fluid and structural tractions respectively, nS represents the
unit outward normal of Σ pointing from the structure to the fluid and nS = −nF. Also, the following
geometric continuity on Σ should be satisfied for the dynamic mesh motion
x = d and w = d˙. (19)
3.2. Reformulation of CIBC method
Based on the pioneering works [43, 44], Jaiman et al. [45] has recently proposed new interface cou-
pling conditions to relieve the time lag effect in the partitioned explicit coupling method. This method135
is termed the combined interface boundary condition (CIBC) method that adjusts the interfacial cor-
rections for velocity and traction via a coupling parameter. The CIBC method was verified by a few
examples, such as the one-dimensional elastic piston problem [45], the one-dimensional conjugate heat-
transfer process [46] and the two-dimensional subsonic flow-shell problem [47]. Some advantages were
acknowledged in these examples. In [48], the CIBC method was flexibly equipped with the improved140
serial staggered procedure [4] and the fluid subcycling [3]. However, the two-dimensional applications
are still deficient in the available literature.
The original CIBC method [44, 45] is derived from the convention σF = pI, making the method
run in an awkward way for the NS solvers. Here, the fluid stress takes the form of Eq. (3) to readily
re-formulate the CIBC method. The inclusion of the full fluid stress is especially important to low Re145
flows in which the viscosity plays a significant role.
A unified formulation of the coupled FSI system is written on Σ as
ρIu˙I = ∇ · σI + ρIf I, (20)
where superscript I = F and S and uS = d˙. From the velocity continuity (17), we can obtain the
following relation
ρFd¨ = ∇ · σF, (21)
where the body force is ignored on Σ. The normal on Σ is not assumed to be time-independent for
the infinitesimal deformation.
By differentiating Eq. (18) with respect to t, we derive
t˙F = t˙S. (22)
Eqs. (21) and (22) are the foundation of converting the conventional interface conditions into the
combined interface conditions. As a result, one new relation for the velocity on the structural side of
the interface ΣS is given by
ρFd¨+ ωt˙S = ∇ · σF + ωt˙F, (23)
and the other one for the traction on the fluid side of the interface ΣF is written by
ωt˙F +∇ · σF = ωt˙S + ρFd¨, (24)
6
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where ω is a positive coupling parameter which should be small enough to make sure that the interfacial
energy is always stable [44].150
In terms of Gauss-Seidel iterations, Eqs. (23) and (24) can be rewritten on two consecutive time
levels as(
ρFd¨
)n
=
(∇ · σF)n − ω ((t˙S)n − (t˙F)n) , (25)
for the velocity on ΣS, and(
t˙F
)n+1
=
(
t˙S
)n+1
+
1
ω
((
ρFd¨
)n+1
− (∇ · σF)n+1) , (26)
for the traction on ΣF. If the fluid density is constant, the corrections for velocity and traction are
constructed on two sides of Σ as follows
δun =
∆t
ρF
((∇ · σF)n − ω ((t˙S)n − (t˙F)n)) , (27)
δtn+1 = ∆t
((
t˙S
)n+1
+
1
ω
(
ρFd¨n+1 − (∇ · σF)n+1)) , (28)
where the coupling parameter ω provides a suitable acceleration-traction joint.
The CIBC method is composed of the corrective increments (27) and (28) that compensate the
seperate enforcement of the interface conditions (17) and (18) as follows
un+1 = d˙n+1 + δun, (29)
(
tS
)n+1
=
(
tF
)n+1
+ δtn+1, (30)
which are marked as Correction I. The fact that the weak imposition of boundary conditions may
neglect certain physical processes on the interface, hence introducing the CIBC corrections back into
the interfacial conditions increases the physical relevance of the FSI solution [45].
3.3. MCIBC method155
As seen above, the new CIBC traction increment also needs the structural traction rate by updating
the structural stress field on ΣS. The lack of consistency is thus realized in the interfacial treatment
of the structural traction. Specifically, the new structural traction has to be applied to Eq. (28)
before it is corrected by Eq. (30). This device poses two major deficiencies: (i) the incapability to
deal with fluid-rigid body interaction where no internal stress occurs inside the rigid body and (ii)160
special procedure may be required for stress prediction in structural dynamics [49]. To circumvent
the restricted use of the CIBC method, the modified CIBC (MCIBC) method is proposed in this
subsection.
The time derivatives of Eq. (30) at two successive time slices are obtained as(
t˙S
)n
=
(
t˙F
)n
+ δ˙t
n
, (31)
(
t˙S
)n+1
=
(
t˙F
)n+1
+ δ˙t
n+1
. (32)
Replacing Eq. (31) into Eq. (27) yields the velocity increment as follow
δun =
∆t
ρF
((∇ · σF)n − ωδ˙tn) . (33)
Inserting Eq. (32) into Eq. (26) and considering the style used for Eq. (28), we have the traction
increment as follow
δtn+1 =
∆t
ω
((∇ · σF)n+1 − ρFd¨n+1) . (34)
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Eqs. (33) and (34) constitute the MCIBC formulae where t˙S does not appear any more. Both the
consistency in the treatment of the interfacial traction and the solvability of fluid-rigid body interaction165
are recovered in the MCIBC method. Differing from [15, 26], the MCIBC method does not address
the first-order ODEs on the interface for traction correction.
The dimensionless MCIBC formulae are expressed as
δu = ∆t
(
∇ · σF − ω¯δ˙t
)
, (35)
δt =
∆t
ω¯
(
∇ · σF − d¨
)
, (36)
where ω¯ is the dimensionless coupling parameter. For the fluid-rigid body interaction, Eqs. (35) and
(36) should be integrated along Σ. The underlying nondimensionalization is detailed in the appendix
of this paper. Moreover, the displacement continuity on Σ is maintained by
xn+1 = dn+1 + δun∆t. (37)
3.4. Implementation of MCIBC method
The sequence of subproblems’ resolutions seems irrelevant in partitioned FSI computations. Nev-
ertheless, this is not the case with the MCIBC method. Other than Correction I, we can adopt(
tS
)n+1
=
(
tF
)n+1
+ δtn, (38)
un+1 = d˙n+1 + δun+1, (39)
with
δtn =
∆t
ω¯
((∇ · σF)n − d¨n) , (40)
δun+1 = ∆t
((∇ · σF)n+1 − ω¯δ˙tn) . (41)
Eqs. (38) and (39) are labeled as Correction II. Eq. (40) utilizes ∇ · σF at time n rather than n + 1
although the latest fluid variables have already been evaluated. On the other hand, Eq. (41) has to170
employ δ˙t
n
because δ˙t
n+1
is not obtained yet. Some hysteresis values are therefore used for Correction
II. In a sense, the difference between Correction I and Correction II resembles that between the block
Jacobi iterations and the block Gauss-Seidel iterations [43].
The numerical tests in [46] show that correcting both interface conditions by the CIBC method
may exhibit worse stability properties than correcting either one does. The reasons for this behavior
are not clear yet. The present study also confirms that the FSI calculation will deteriorate or even fail
when both interface conditions are corrected. To work out this issue, a possible option is to limit the
velocity increment, but it is nontrivial to determine the reduction factor. Similar to the displacement
predictor-traction corrector scheme [50, 51], a weak treatment of the MCIBC corrections is proposed
here. In particular, the velocity increment is used not to correct the structural velocity but to estimate
the displacement increment. The traction correction is performed as usual. Regarding the elastic solid,
we can further decrease the numerical effort by directly introducing the traction increment into the
Galerkin weak formulation of the structural equation to obtain the following equivalent force
F =
∫
ΩS
NTfSdΩ +
∫
ΓSN
NThSdΓ︸ ︷︷ ︸
F˜
+
∫
Σ
NTtSdΓ = F˜+
∫
Σ
NT
(
tF + δt
)
dΓ, (42)
where N is the shape function of the structural element and ΓSN is the Neumann segment of the
structural boundary, and by approximating the velocity increment as
δu = ∆t∇ · σF, (43)
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into which Eq. (35) degenerates if convergent.
As we know, the Courant-Friedrichs-Lewy (CFL) limit has to be held for the explicit numerical175
scheme because any violation of this condition will engender the unstable or even divergent results. In
the CIBC and MCIBC methods, the coupling parameter plays a vital part in the accuracy and stability
of the coupled FSI system since it serves as the CFL-like limit by providing the proper velocity-traction
coupling on the interface. The coupling parameter may be defined in terms of different notions. In the
one-dimensional conjugate heat-transfer process, Roe et al. [46] adopted θ± = κ±ω/c±∆x± whose180
optimal value was assessed by the Godunov-Ryabenkii stability analysis. Jaiman et al. [45] suggested
the approximate scope of θ = ω‖u‖INITIAL in the one-dimensional piston examples. He et al. [15, 26]
proposed ω′ = ω/∆t to consider the influence of the time step in VIV simulations. Consequently,
the reasonable range of the coupling parameter should be determined for the MCIBC method. It is
however too difficult to estimate the optimal value of the coupling parameter in theory, especially for185
the multi-dimensional cases [45]. We have to utilize the computer experiments to estimate the coupling
parameter for each specific problem. In this paper ω¯ = Uω is defined as the dimensionless coupling
parameter. The superior limit of ω¯ is close towards positive infinity, but the inferior limit of ω¯ is not
infinitesimal. The former scenario is easily understood from the MCIBC formulae (35) and (36). The
explanation for the latter case is simply given as follow. If ω¯ is infinitesimal, then δt will be infinite.190
The infinite δt violates the fact that the physical information being missed by partitioned computation
should be limited, rendering the MCIBC method invalid. In the present study the coupling parameter
is chosen according to our previous experience [26].
4. CBS-based partitioned semi-implicit coupling algorithm
Since the CBS scheme obeys the classical Chorin-Te´mam splitting [8, 9], the CBS-based parti-195
tioned semi-implicit coupling scheme is suggested in the fashion similar to [7]. The interface coupling
conditions are imposed by the MCIBC method. A second-order structural displacement predictor [3]
is introduced into the semi-implicit scheme, entailing the use of Correction II. Fixed-point algorithm
with Aitken’s ∆2 method [6] is employed to couple the fluid and structural fields owing to its attrac-
tive simplicity and efficiency. The procedure of the proposed coupling algorithm is elaborated in the200
following.
Step 1: Initialize all variables and set iter = 0
Step 2: Perform the explicit coupling step
2.1: Extrapolate the position of the interface
(x˜Σ)
n+1
iter = d
n
Σ +
(
3
2
d˙nΣ −
1
2
d˙n−1Σ
)
∆t
2.2: Rearrange the fluid mesh by MSA
2.3: Calculate the mesh velocity
wn+1iter =
x˜n+1iter − xn
∆t
2.4: Derive the relevant geometric quantities205
2.5: Obtain MST for satisfying GCL
(SMST)
n+1
iter =
(
1
2Ae
∣∣∣∣w21 − w11 w22 − w12w31 − w11 w32 − w12
∣∣∣∣)n+1
iter
2.6: Compute the intermediate velocity
u˜− un = ∆t
(
−cn · ∇un + 1
Re
∇2un + ∆t
2
cn · ∇(cn · ∇un)
)
2.7: Assess the force increment when computing the rigid body
9
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Step 3: Perform the implicit coupling step
3.1: Set iter ← iter + 1
3.2: Update the fluid pressure
∇2pn+1iter =
1
∆t
∇ · u˜+ (SMST)n+1iter−1
3.3: Correct the fluid velocity
un+1iter − u˜ = −∆t
(
∇2pn+1iter −
∆t
2
cn · ∇2pn
)
3.4: Deduce the fluid load
3.5: Correct the structural force(∫
Σ
tSdΓ
)n+1
iter
=
(∫
Σ
tFdΓ
)n+1
iter
+
(∫
Σ
δtdΓ
)n
for the rigid body;
F
n+1
iter = F˜
n+1
iter +
∫
Σ
((
NTtF
)n+1
iter
+
(
NT
)n+1
iter
δtn
)
dΓ for the flexible body
3.6: Solve equation of the structural motion210
3.7: Evaluate the velocity increment
δun+1iter =
∆t
S
∫
Σ
((∇ · σF)n+1
iter
− ω¯δ˙tn
)
dΓ for the rigid body;
δun+1iter = ∆t
(∇ · σF)n+1
iter
for the flexible body
3.8: Maintain the interfacial displacement continuity
(xΣ)n+1iter = d
n+1
Σ + δu
n+1
iter ∆t
3.9: Estimate the interfacial residuals
giter =
∣∣ (xΣ)n+1iter − (x˜Σ)n+1iter−1 ∣∣
3.10: Check the convergence and the number of iterations:
If not convergent, then go ahead;
Otherwise, proceed to the next time step
3.11: Assess Aitken factor λiter215
3.12: Relax the interface’s position
(x˜Σ)
n+1
iter = λiter (xΣ)
n+1
iter + (1 − λiter) (x˜Σ)n+1iter−1
3.13: Calculate the new mesh velocity on Σ as the fluid boundary condition
(wΣ)
n+1
iter =
(x˜Σ)
n+1
iter − xnΣ
∆t
3.14: Renew MST for those elements adjacent to the interface
3.15: Return
The pressure Poisson equation will step out of the implicit coupling stage if the approach developed
in [7] is immediately applied to the current context. In [15] the pressure is assessed based on the
auxiliary velocity and the mesh velocity, both of which are obtained from the explicit coupling stage.220
The pressure Poisson equation is thereby excluded from the implicit coupling stage. To this end, MST
is continuously calculated for those elements sticking to the interface so that the pressure Poisson
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equation persists inside the iterative loops. The update of MST is regarded as the enhanced necessity
to iterate the field variables per time step and the key to recovery the truly semi-implicit coupling
manner.225
The projection-based semi-implicit coupling scheme lessens the overall cost without losing the nu-
merical stability [7]. However, this method may not adapt to high Re problems as the pure projection
method lacks the stabilized terms which are crucial to suppress spurious pressure oscillations of in-
compressible NS equations. On the other hand, the CBS scheme is born with stabilizing the fluid
solution via its high-order temporal entries in the projection framework. The merits of both methods230
thus survive in the present coupling algorithm by incorporating one with the other.
The fluid load is computed on the basis of the intermediate velocity in [7]. Instead, we evaluate the
fluid force by using the end-of-step velocity. This treatment is consistent with [11]. Another difference
between [7] and this paper depends upon the boundary condition for correcting the fluid velocity in
the projection step. The predicted mesh velocity is constantly adopted in [7], whereas, seen from Step235
3.13, the iterated mesh velocity is employed for the third step of the CBS scheme.
5. Results and discussion
5.1. Numerical examples I: fluid-rigid body interaction
5.1.1. Free oscillations of a circular cylinder
In this example an elastically mounted circular cylinder is allowed to freely oscillate under fully240
laminar flow conditions. The computational domain and boundary conditions are demonstrated in
Fig. 1 where D is the circular cylinder’s diameter. The system parameters are set as follows [52]: the
reduced natural frequency fR = 16.6/Re , the damping ratio ξ = 0, the mass ratio m∗ = 2.5pi and
60 6 Re 6 200.
For the sake of computational efficiency, the entire computational domain is divided into three parts:245
the Eulerian subdomain A1, the ALE subdomain A2 and the Lagrangian subdomain A3. The size of
A2 is 6D×6D while that of A3 is 1.2D×1.2D. The grid points in A1 keep fixed at all time while those
in A3 move along with the circular cylinder. Only the grid points in A2 are instantaneously updated.
To lower the numerical cost further, some time-invariant matrices of elements in A1 are calculated
only once at very onset. In Fig. 2(a) the finite element mesh consists of 8092 T3 elements and 4141250
points, and the corresponding submesh is demonstrated in Fig. 2(b). The time step is ∆t = 1.0× 10−2
and Newmark parameters are β = 0.25 and γ = 0.5.
The preliminary study is conducted to assess the effect of the mesh sensitivity and convergence
tolerance. The flow past the circular cylinder at Re = 100 is considered as the model problem.
Three finite element meshes, M1 (8092 T3 elements and 4141 points), M2 (15856 T3 elements and255
8033 points) and M3 (31872 T3 elements and 16049 points), are adopted in conjunction with three
tolerances, tol1 = 1.0×10−6, tol2 = 1.0×10−7 and tol3 = 1.0×10−8, amounting to nine working cases
in total. The computed results are listed in Table 1, including the mean value of horizontal amplitude
d1,MEAN and its root mean square (RMS) d1,RMS, the amplitude of vertical amplitude d2,MAX, the mean
value of drag coefficient CD,MEAN and its RMS CD,RMS, the amplitude of lift coefficient CL,MAX and260
the Strouhal number St. In Table 1 an excellent agreement is observed between the computed results
and the existing data [15, 26, 52], establishing the validation for further calculations. After examining
the obtained data, the difference is quite tiny among the present cases. The cylinder response and
aerodynamic parameters are hardly influenced by the mesh resolution and convergence tolerance. M1
and tol = 1.0× 10−7 are selected for purpose of accuracy and efficiency. Similar tests are not repeated265
elsewhere for brevity.
Furthermore, it is clearly seen from Table 1 and Fig. 3 that the semi-implicit method is as accurate
as the widely-used implicit coupling method but achieves higher efficiency. This trait is valuable for
large-scale computations. Although the higher-order treatment on the interface is achieved by the
the MCIBC procedure [45], the entire coupling scheme is not the second-order time accurate. The270
second-order temporal accuracy of the coupling algorithm requires special designs for time integrators
of all components of the FSI system [53]. Fig. 4 displays the L2 norm error in the amplitude when the
steady flows are obtained at Re = 100. From this figure, the plotted line has a slope of 1.23, clearly
11
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confirming the first-order accuracy of the developed scheme. The same conclusion can be drawn for
the second example.275
Fig. 5 shows the variation of d2,MAX and St with Re. Seen from this figure, the lock-in region
covers 80 6 Re 6 130 while that of [52] ranges from Re = 81 to Re = 137. In Fig. 5(a) d2,MAX is up to
0.567D, slightly larger than that of Dejong and Liang [54]. The graph agrees with those of [52] by both
increasing and decreasing Re at the lower end of the lock-in region, whereas it is only in accordance
with that of [52] by decreasing Re at the upper end. Furthermore, the small rebound is missing at280
the upper end. In additional to St, St of a rigid cylinder by [26], the Roshko’s Re-St relationship [55]
and fR = 16.6/Re are displayed in Fig. 5(b). For the oscillating cylinder, St is dramatically affected
by the Re effect and the cylinder oscillations [52]. The flexible cylinder’s St obviously departs from
the rigid cylinder’s within the lock-in region. However, the gap remarkably reduces once Re locates
outside the lock-in region. A very small offset is perceived between St and fR during lock-in. These285
phenomena are interpreted by Prasanth and Mittal [52].
In Fig. 6 vorticity fields are illustrated at two selected Reynolds numbers. The 2S vortex-shedding
mode is seen in Fig. 6(a) since the cylinder goes through low-amplitude oscillations at Re = 75.
Although the cylinder experiences high-amplitude oscillations at Re = 90, the C(2S) vortex-shedding
mode [56] is not explicitly observed in Fig. 6(b).290
The low mass ratio largely accounts for the strong added mass effect in VIV of the bluff body.
The impact of mass ratio on the couple fluid-cylinder system [57] was examined by using the MCIBC
method in [26]. The mass ratio considered there only reaches m∗ = 1.0. For the present method, the
lowest limit is m∗ ∼ 0.5 under the same conditions.
5.1.2. Free oscillations of a square cylinder295
The present problem is concerned with the free oscillations of a square cylinder within a range of Re.
The square cylinder with edge length D is placed at zero angle of attack. The problem representation
is schematically illustrated in Fig. 7. The physical parameters are defined as [58]: the reduced natural
frequency fR = 14.39/Re , the damping ratio ξ = 0, the mass ratio m∗ = 10 and 60 6 Re 6 250.
The whole domain is broken into the Eulerian subdomain A1 and the ALE subdomain A2. The300
size of A2 is also 6D × 6D. As shown in Fig. 8, the fluid domain is meshed into 16254 T3 elements
and 8232 points while a quite coarse submesh is employed for MSA. ∆t = 2.0× 10−2, tol = 1.0× 10−7
and the trapezoidal rule for Newmark-β method are adopted herein.
The obtained data of the Re = 90 flow are summarized in Table 2 where d1,MAX is the peak of
horizontal amplitude. Overall, a very good agreement is observed between the obtained and existing305
data [15, 26, 58]. The data produced by the present semi-implicit coupling method are almost identical
to those of [15] and, compared to [26], they are slightly closer to those of [58].
Fig. 9 plots the displacement response and the oscillation frequency fO versus Re. It is apparent
that the cylinder’s motion is mainly characterized by lock-in and galloping. Galloping is also referred
to as secondary lock-in in [52]. According to Blevins [59], galloping will be triggered when the bluff310
body has the non-circular cross-section and the velocity of the incident flow exceeds a certain critical
value. Unlike lock-in, galloping drives the vortex-shedding frequency and oscillation amplitude of the
bluff body to be several times larger than its natural frequency and the characteristic dimension,
respectively. In combination with two panels of this figure, the lock-in region is 87 6 Re 6 100,
forming the first jump of the d2,MAX curve. Sen and Mittal [58] reported that, for the freely oscillating315
square cylinder, the width of the lock-in region is roughly a third of the one for the freely oscillating
circular cylinder [52]. This fact is confirmed by both this paper and [15]. In Fig. 9(b), galloping is
wakened at Re = 179 while that of [58] stands at Re = 175. The outset of galloping creates the second
jump of d2,MAX. In addition to fO, St for the rigid square cylinder [26, 60] and fR, are also plotted
in Fig. 9(b). When 100 < Re 6 130, fO keeps close to St of the stationary cylinder. After the second320
abrupt decline, the fO curve exhibits a flat fall and gets close to fR. Despite that, the third jump
of d2,MAX takes place at Re = 220 in Fig. 9(a). That is to say, galloping is swiftly strengthened if
Re > 220. The cylinder displacement will ascend rapidly with the increase of Re during galloping.
This behavior can be interpreted by the widely known fact that the galloping instability results from
the negative aerodynamic damping [61].325
The vortex-shedding modes of the oscillating cylinder at different Re are shown in Fig. 10. The
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cylinder response is governed by high-amplitude oscillations at Re = 87. It is seen that Fig. 10(a)
indicates the 2S mode while [58] reveals the C(2S) mode. The longitudinal spacing between vortices
is reduced at Re = 150 in Fig. 10(b). The flow pattern is more like the classical 2S mode for the rigid
square cylinder. Sen and Mittal [58] reported that the 2P mode [56] would appear for Re > 215. In330
Fig. 10(c) the vortex-shedding mode at Re = 230 resembles its counterpart for the X-Y motion in [58].
Despite that, our previous paper [26] showed a distinct mode that looks like the one for the Y -only
motion in [58]. Seen from Fig. 10(d), the vortex sheds at Re = 250 in the similar manner.
5.2. Numerical examples II: fluid-flexible body interaction
5.2.1. VIV of a cantilever attached to a square cylinder335
This model problem has been originally presented by Wall and Ramm [62] and now becomes
the numerical benchmarking to test the capability of FSI solution strategy. The problem settings
are schematically demonstrated in Fig. 11. A geometrically nonlinear cantilever is attached to a
fixed square cylinder in the center of the downstream face. Due to the unsteady separation of the
incompressible viscous flows past the square cylinder, the swirling vortices shed from the cylinder’s340
salient edges with a certain frequency. The vortex formation in the wake of the obstacle generates
the time-dependent drag and lift which excite the flexible cantilever to vibrate in the fluid field. The
no-slip boundary condition is applied on the surfaces of the cantilever and obstacle. The measuring
point is placed in the middle of the right edge of the cantilever. Material parameters of the fluid and
solid are specified as [62]: the fluid density ρF = 1.18 × 10−3, the fluid viscosity µ = 1.82 × 10−4,345
the structural density ρS = 1.0× 10−1, Young’s modulus E = 2.5× 106 and Poisson’s ratio ν = 0.35.
The length scale of the square cylinder is D = 1 and the inflow velocity is U = 51.3, corresponding to
Re = 332.6 in this example.
The fluid field is decomposed into the Eulerian subdomain A1 and the ALE subdomain A2. A2 is
a square box of size 6D×6D. T3 elements are used for the fluid mesh and MSA submesh. The flexible350
cantilever is discretized with nine-node quadrilateral (Q9) plane stress elements for FEM, and four-
node quadrilateral (Q4) plane stress elements for CS-FEM. The meshing information is summarized
in Table 3. Fig. 12 exhibits the fluid mesh and MSA submesh for Case 1. In Fig. 13 a Q4 element
is typically subdivided into four exactly equivalent rectangular smoothing domains (SDs), relying on
the stability condition of CS-FEM [38, 39]. Of total nine points, extra five points are generated to355
compute the so-called smoothed shape functions by simply averaging the values at four corners. The
time step is set as ∆t = 1.0×10−2 and the tolerance is tol = 1.0×10−6. Newmark parameters β = 0.5
and γ = 0.8 are chosen to eliminate the high-frequency noise in the structural vibrations.
Two key parameters are calculated to assess the performance of the present CBS-based partitioned
semi-implicit coupling algorithm. Table 4 lists the time-averaged vertical deflection d2,MEAN and the360
time-averaged oscillation frequency fO,MEAN of the measuring point, as well as those data documented
in the open literature [5, 62–72]. The data of Case 1 are identical with most of available ones. In Case 2
d2,MEAN = 0.92 is acceptable, compared with the values in [63, 71, 72]. fO,MEAN = 0.0586 in Case 1 and
fO,MEAN = 0.0622 in Case 2 are very close to the first eigenfrequency of the cantilever fS1 = 0.0591 that
predominates the structural oscillations. Based on the above analysis, a good agreement is observed365
from Table 4.
Likewise, Table 4 and Fig. 14 suggest that the semi-implicit method shows the good accuracy
and the improved efficiency, especially for the stringent convergence tolerance. Fig. 15 examines the
standard L2 norm error in the tip deflection of the measuring point. Again, the proposed algorithm is
proved to be the first-order time accurate since the slope of the line displayed in that picture is 1.173.370
The identical results are generated in the restrictor flap problem.
Fig. 16 plots the smooth and undamped time histories of tip displacement for both cases, where
the unsteady periodic long-term oscillatory movements of the geometrically nonlinear solid are pro-
duced correctly. In accordance with [5, 67], the violent strcutural vibrations commences roughly at
dimensionless time 100 or at real time of 2s. Nevertheless, the unsteady long-periodic response of the375
cantilever was established much later in [66]. Observed from Fig. 16, the amplitude of tip displace-
ment in Case 2 is smaller than that in Case 1, and the slightly longer time is required to reach the
characteristic amplitude in this case. Perhaps, the number of Q4 elements and linear shape function
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are responsible for the underestimated tip deflection. It should be noticed that the amplitudes are still
small in [71, 72] even if much denser finite volume cells are adopted for the cantilever.380
According to [66], the displacement history is partitioned into two stages: lock-in and beating.
The structural displacement is gradually amplified within the first stage. Meanwhile, the cantilever’s
oscillation frequency gets close to its first eigenfrequency, inspiring the so-called lock-in or resonance. At
the second stage, the structural response converges to the stable long-term oscillatory motion, forming
the beating or modulation phenomenon. During the whole course, vortex shedding induces lock-in385
and drives the cantilever to oscillate sharply. Correspondingly, the violent oscillations of the flexible
cantilever significantly alter the vortex-shedding mode whose frequency deviates from the cantilever’s
first eigenfrequency.
When the stable structural oscillations are fully built up, three typical snapshots of vorticity and
pressure fields are graphically displayed in Fig. 17. It is seen that the unsteady features of flow patterns390
and structural oscillations are evidently distinguished in different phases during an oscillation period.
In Fig. 17(a), vortices act on the cantilever surface while being alternatively shed from two lateral
sides of the square cylinder. The strong structural oscillations are therefore motivated. Note that
the vortices on one side towards which the flexible cantilever starts to move are weakened and are
eventually suppressed by the flows near the cantilever. High compression is perceived on this side395
as well. However, vortices on the opposite side are strengthened and advect downstream from the
cantilever. These vortices are generated by velocity gradient at the tip of the flapping cantilever [72].
In Fig. 17(b) the pressure distribution on the frontal side of the square cylinder is positive because of
the immediate exposure of the obstacle to the flows, but high suction (the blue zone) is detected along
the lateral sides of the square cylinder. The pressure distribution on the cantilever surface opposite to400
the direction of the structural motion is negative but results in the lower suction.
5.2.2. A restrictor flap in a uniform channel flow
The last example is a flexible restrictor flap in a uniform channel flow [71]. The problem definition
is sketched in Fig. 18. The measuring point is put at the flap’s upper left corner. Systematic properties
are set as follows [71]: the fluid density ρF = 1.0, the fluid viscosity µ = 1.0 × 10−3, the structural405
density ρS = 1000 for Case A and ρS = 62.5 for Case B, Young’s modulus E = 6.0× 104 and Poisson’s
ratio ν = 0.45, the inflow velocity U = 1, the flap’s height D = 1 and the Reynolds number is
Re = 1000.
The fluid domain is divided into the Eulerian subdomain A1 and the ALE subdomain A2. Given
the feature of the structural motion, the proportion of A2 is designated as 2.5D × 1.5D. For FEM,410
Eight-node quadrilateral (Q8) plane stress element is utilized to discretize the restrictor flap. The
mesh information is listed in Table 5. The fluid mesh and MSA submesh for Case 1 are exposed in
Fig. 19. The time step ∆t = 5.0 × 10−3, the tolerance tol = 1.0 × 10−6 and Newmark parameters
β = 0.5 and γ = 0.8 are employed here.
The time evolutions of horizontal displacements among various cases are depicted in Fig. 20. Con-415
sistent with [71], the obtained magnitudes of tip deflection are approximately 0.6 in both FEM and
CS-FEM. Case 1 and Case 2 produce the almost identical amplitudes for two structural densities.
This may be caused by the small Young’s modulus. Based on the further observation of Fig. 20, the
computed results of Case A agree better with that of [71], whereas the curves of Case B diverge from
that of [71] very soon. For Case A, the decaying oscillations are observed between [71] and this paper.420
This phenomenon is explained as follows: when the structural density is large, the vibrations of the
restrictor flap are mainly excited by the structural inertia and the fluid serves as the damped oscillator.
The decay of tip oscillations in Case B is fairly rapid in this study, although the structural oscillations
sustained by the tip vortex shedding remain significant in [71]. When the structural density decreases,
our restrictor flap’s motion is damped sharply by the fluid action and soon its vibrations trend to425
be feeble. This behavior has been seen in an analogous example [73] where the structural movement
becomes nearly stationary over an expanded period of time. The typical contours of the horizontal
fluid velocity at different time slices are displayed in Fig. 21 for Case A.
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6. Conclusions
To numerically simulate the transient FSI problems, this paper has presented an efficient par-430
titioned semi-implicit coupling strategy by using a dimensionless ALE finite element formulation.
The developed method has been applied to various FSI problems. The obtained results agree with
well-documented data and some well-known flow phenomena are detected successfully. The main
contributions are summarized as follows:
1. A CBS-based partitioned semi-implicit coupling algorithm is developed. To recover the real semi-435
implicit style, MST embedded in the second step of the CBS scheme is iteratively computed for
those elements next to the interface. The algorithm inherits the improved efficiency from its
projection-based counterpart and the stabilized solution from the CBS scheme.
2. The MCIBC method is developed to account for FSI in the semi-implicit coupling algorithm,
remedying the drawbacks of the CIBC method.440
(a) The CIBC method is re-deduced in accordance with the complete form of the fluid stress
tensor.
(b) The simpler derivation of the MCIBC method is recognized since no ODEs yield on the
interface for the traction increment.
(c) A weak implementation of the MCIBC method is proposed to be free from the worsened445
numerical results. The displacement rather than the velocity is corrected on the inter-
face. For the elastic solid, the traction correction term is imported into the Galerkin weak
formulation, hence alleviating the programming effort.
3. Other computational aspects are considered. For instance, CS-FEM is utilized to solve the flexible
structure for comparison. The dimensionless MCIBC formulae are provided. The correction order450
of the MCIBC method is discussed.
Although some new developments have been reported in this presentation, more investment is
demanded to promote the numerical method.
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Appendix A.460
Appendix A.1. Dimensionless MCIBC formulation for rigid-body dynamics
In the equation governing the rigid-body motion, the external load is nondimensionalized as follow
D
mU2
{
F1
F2
}
=
D
mU2
{
FD
FL
}
+
D
mU2
{
δb1
δb2
}
=
D
mU2
· 1
2
ρFU2D
{
CD
CL
}
+
D
mU2
· ρFU2D
{
δb∗1
δb∗2
}
=
1
2m∗
{
CD
CL
}
+
1
m∗
{
δb∗1
δb∗2
}
,
(A1)
where {F1, F2}T is the external load already corrected by the MCIBC method and δb = {δb1, δb2}T
is the traction increment.
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Introducing the following dimensionless scales
x∗ =
x
D
, t∗ =
tU
D
, u∗ =
u
U
, d∗ =
d
D
, p∗ =
p
ρFU2
, Γ∗ =
Γ
D
into Eq. (34) without temporal discretization, we have
δb =
∫
Σ
δtdΓ =
∆t
ω
∫
Σ
(
∇ · σF − ρFd¨
)
dΓ
= ρFUD · ∆t
∗
ω
∫
Σ
((∇ · σF)∗ − d¨∗)dΓ∗
= ρFU2D · ∆t
∗
Uω
∫
Σ
((∇ · σF)∗ − d¨∗)dΓ∗.
(A2)
If we define ω¯ = Uω and drop all asterisks, then Eq. (A2) is nondimensionalized as
δb =
∆t
ω¯
∫
Σ
(
∇ · σF − d¨
)
dΓ =
∆t
ω¯
(∫
Σ
∇ · σFdΓ− Sd¨
)
, (A3)
where S =
∫
Σ dΓ.
Substituting the afore-mentioned dimensionless scales into Eq. (33) without temporal discretiza-
tion, we have
δu =
∆t
ρFS
∫
Σ
(
∇ · σF − ωδ˙t
)
dΓ = U · ∆t
∗
S∗
∫
Σ
((∇ · σF)∗ − Uωδ˙t∗)dΓ∗. (A4)
Since the velocity continuity is nondimensionalized by U on the interface, Eq. (A4) is simplified as
δu =
∆t
S
∫
Σ
(
∇ · σF − ω¯δ˙t
)
dΓ =
∆t
S
∫
Σ
∇ · σFdΓ− ∆tω¯
S
˙δb. (A5)
465
Appendix A.2. Dimensionless MCIBC formulation for flexible-body dynamics
For the flexible-body equation, the external load is nondimensionalized by
E∗ =
E
ρFU2
or
(
σS
)∗
=
σS
ρFU2
. (A6)
By adopting the afore-defined dimensionless scales, the traction increment is expressed as
δt =
∆t
ω
(
∇ · σF − ρFd¨
)
= ρFU · ∆t
∗
ω
((∇ · σF)∗ − d¨∗)
= ρFU2 · ∆t
∗
Uω
((∇ · σF)∗ − d¨∗) , (A7)
which amounts to
δt =
∆t
ω¯
(
∇ · σF − d¨
)
. (A8)
The velocity increment is obtained by
δu =
∆t
ρF
(
∇ · σF − ωδ˙t
)
= U ·∆t∗
((∇ · σF)∗ − Uωδ˙t∗) , (A9)
which is nondimensionalized as
δu = ∆t
(
∇ · σF − ω¯δ˙t
)
. (A10)
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Fig. 1. Sketch of geometry and boundary conditions for the freely oscillating circular cylinder
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(a) Finite element mesh for the fluid field
(b) MSA submesh for the ALE domain
Fig. 2. Mesh and submesh for the freely oscillating circular cylinder
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Fig. 3. Time cost of both methods for the oscillating circular cylinder
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Fig. 4. Convergence study of the amplitude for the oscillating circular cylinder
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Fig. 5. Variation of the cylinder response and the vortex-shedding frequency with Re
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(a) Re = 75
(b) Re = 90
Fig. 6. Vorticity fields of the freely oscillating circular cylinder at two Re
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Fig. 7. Sketch of geometry and boundary conditions for the freely oscillating square cylinder
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(a) Finite element mesh for the fluid field
(b) MSA submesh for the ALE domain
Fig. 8. Mesh and submesh for the freely oscillating square cylinder
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Fig. 9. Variation of the cylinder response and the vortex-shedding frequency with Re
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(a) Re = 87
(b) Re = 150
(c) Re = 230
(d) Re = 250
Fig. 10. Vorticity fields of the freely oscillating square cylinder at different Re
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Fig. 11. Sketch of geometry and boundary conditions for the cantilever attached to a square cylinder
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(a) Finite element mesh for the fluid field
(b) MSA submesh for the ALE domain
Fig. 12. Mesh and submesh for Case 1
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Fig. 13. Construction of SDs and smoothed shape functions in a Q4 element
34
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
0.0 0.5 1.0
 
Normalized CPU time
 Implicit method
 Semi-implicit method
(a) tol = 1.0× 10−6
0 1 2 3
Normalized CPU time
 Implicit method
 Semi-implicit method
(b) tol = 1.0× 10−7
Fig. 14. Time cost of both methods for the flexible cantilever
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Fig. 15. Convergence study of the tip deflection for the flexible cantilever
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(b) Case 2
Fig. 16. Time history of vertical displacement of the measuring point
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(a) Vorticity (b) Pressure
Fig. 17. Instantaneous contours of the flexible cantilever
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Fig. 18. Sketch of geometry and boundary conditions for the restrictor flap in a channel
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(a) Finite element mesh for the fluid field
(b) MSA submesh for the ALE domain
Fig. 19. Mesh and submesh for Case 1
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Fig. 20. Time history of horizontal displacement of the measuring point
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Fig. 21. Horizontal velocity contours of the flexible flap for Case A
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Table 1. Comparison of results for the freely oscillating circular cylinder at Re = 100
Reference d1,MEAN d1,RMS d2,MAX CD,MEAN CD,RMS CL,MAX St
Prasanth and Mittal [52] (M7k) 0.1115 0.00494 0.516 1.90 0.2486 0.1929 0.1643
Prasanth and Mittal [52] (M15k) 0.1100 0.00484 0.503 1.88 0.2434 0.1900 0.1644
He et al. [26] 0.1082 0.00465 0.515 1.81 0.2244 0.1985 0.1652
He et al. [15] (implicit) 0.1075 0.00477 0.515 1.84 0.2388 0.1887 0.1644
He et al. [15] (semi-implicit) 0.1075 0.00477 0.515 1.84 0.2388 0.1869 0.1644
Present study (M1)
tol1 0.1075 0.00477 0.515 1.84 0.2388 0.1872 0.1644
tol2 0.1075 0.00477 0.515 1.84 0.2387 0.1870 0.1644
tol3 0.1075 0.00477 0.515 1.84 0.2388 0.1870 0.1641
Present study (M2)
tol1 0.1068 0.00475 0.507 1.83 0.2349 0.1894 0.1641
tol2 0.1068 0.00475 0.507 1.83 0.2349 0.1898 0.1644
tol3 0.1068 0.00474 0.507 1.83 0.2347 0.1894 0.1641
Present study (M3)
tol1 0.1059 0.00466 0.507 1.82 0.2343 0.2048 0.1647
tol2 0.1059 0.00466 0.507 1.82 0.2345 0.2069 0.1660
tol3 0.1059 0.00466 0.507 1.82 0.2343 0.2049 0.1647
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Table 2. Comparison of results for the freely oscillating square cylinder at Re = 90
Reference d1,MAX d1,RMS d2,MAX d2,RMS CD,MEAN CD,RMS CL,MAX St
Sen and Mittal [58] (M1) 0.0907 0.0014 0.1843 0.1303 1.7917 0.0790 0.1082 0.1566
Sen and Mittal [58] (M2) 0.0906 0.0014 0.1822 0.1288 1.7882 0.0779 0.1026 0.1568
He et al. [26] 0.0959 0.0016 0.1998 0.1411 1.8831 0.0953 0.0687 0.1580
He et al. [15] (implicit) 0.0946 0.0016 0.1970 0.1391 1.8651 0.0905 0.0822 0.1574
He et al. [15] (semi-implicit) 0.0946 0.0016 0.1970 0.1391 1.8650 0.0905 0.0824 0.1574
Present study 0.0946 0.0016 0.1971 0.1391 1.8650 0.0905 0.0824 0.1574
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Table 3. Information on the mesh and submesh generation
Subsystem Meshing item Case 1 Case 2
Fluid
Element type T3 T3
Number of elements 8789 13962
Number of points 4508 7155
Solid
Element type Q9 Q4
Number of elements 20× 1 80× 2
Number of points 123 243
MSA
Element type T3 T3
Number of elements 245 481
Number of points 171 329
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Table 4. Comparison of the present and previous results
Reference Dimension Coupling scheme d2,MEAN fO,MEAN
Wall and Ramm [62] Two Explicit 1.20 0.0604
Hu¨bner et al. [63] Two Monolithic 1.08 0.0615
Matthies and Steindorf [64] Two Implicit 1.18 0.0610
Teixeira and Awruch [65] Three Explicit 1.35 0.0584
Dettmer and Peric´ [5] Two Implicit 1.25 0.0634
Liew et al. [66] Two Monolithic 1.34 0.0609
Yamada and Yoshimura [67] Two Implicit 1.19 0.0624
Wood et al. [68] Three Implicit 1.15 0.0573
Bazilevs et al. [69] Two Monolithic 1.21 0.0591
Braun and Awruch [70] Three Explicit 1.181 ∼ 1.215 0.0591
Olivier et al. [71] Two Implicit 0.95 0.0618
Habchi et al. [72] Two Implicit 1.02 0.0634
Present study (Case 1) Two Implicit 1.24 0.0586
Present study (Case 1) Two Semi-implicit 1.25 0.0586
Present study (Case 2) Two Semi-implicit 0.92 0.0622
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Table 5. Information on the mesh and submesh generation
Subsystem Meshing item Case 1 Case 2
Fluid
Element type T3 T3
Number of elements 2301 2786
Number of points 1260 1523
Solid
Element type Q8 Q4
Number of elements 20× 1 40× 2
Number of points 103 123
MSA
Element type T3 T3
Number of elements 258 258
Number of points 177 177
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1. Interface coupling conditions are achieved via the MCIBC method.
2. The MCIBC method is weakly implemented based on the full fluid stress tensor.
3. A CBS-based partitioned semi-implicit coupling algorithm is proposed.
4. The semi-implicit algorithm works for FSI in conjunction with the MCIBC method.
